The appearance of electrostatic charges in a moving conductor subjected to a static magnetic field is reviewed, and the ensuing electric field is shown to obey Faraday's law of induction. The charge density and the electric field are determined analytically in detail in the case of a circular loop rotating in a uniform magnetic field. The case of a non-conductor moving in a magnetic field is also dealt with. Non-relativistic reasoning and calculations are used throughout.
Statement of the issue
It is well known that, if an electric conductor is moved in a static magnetic field B, electric currents may be induced in the bulk. argued that the conductor is also the seat of free charge. The free-charge density gives rise to an electric field E which subsequently transports the carriers together with the electromotive (that is, v × B) field, where v is the velocity of a point of the conductor. Redžić (2001) corrected two relatively minor points in Lorrain's article, putting the reflection in the framework of the electrodynamics of moving media, and further developed the relativistic aspect of the problem in a particular geometry (2002) . Lorrain (2001) remarked that not only text-books, but also many papers on the magnetohydrodynamics of the Earth and the Sun, were fraught with misconceptions due to the disregard of the free charge generated by the electromotive field. The issue therefore concerns not only undergraduate-level electromagnetism, but also the leading edge of research. It is the purpose of the present paper to address that issue again from a different perspective which, it is hoped, will fully clarify the most basic points. The salient features of our treatment are fourfold:
(i) we keep within the non-relativistic realm, in the Galilean limit appropriate to the description of usual electromechanical generators and motors, but we carefully specify the reference frames involved; (ii) a rigid ohmic conductor is considered throughout; (iii) the link-up with Faraday's law of induction is dealt with and (iv) the response of the conductor to the electromotive field is compared with that of a perfect dielectric.
E Bringuier
The frequent statement that the free-charge density ρ is zero in a conducting medium is based on the following reasoning.
(i) The density ρ is given by Gauss's law ρ = div(εE) (ε is the dielectric permittivity).
(ii) E appears in the constitutive relation E = J/σ pertinent to a medium of conductivity σ , so that ρ = (ε/σ ) divJ if the medium is homogeneous. (iii) The local conservation of charge is expressed by divJ + ∂ρ/∂t = 0, whence ρ obeys the differential equation
whose solution is ρ(r, t) = ρ(r, 0) exp(−σ t/ε). The characteristic time ε/σ , called the dielectric relaxation time, is very short in a good conductor. Even in intrinsic Si at room temperature, ε/σ ≈ 2 × 10 −7 s. This is why ρ is equated to zero in quasi-steady regimes.
Besides the homogeneity, there are two hypotheses in this derivation:
(i) the medium is taken to be ohmic, and (ii) the medium is at rest with respect to the laboratory frame where the field is defined.
Hypothesis (i) assumes, inter alia, that for each carrier species the drift current prevails over the diffusion current. The latter adds to J a field-independent contribution proportional to the gradient of the carrier density, according to Fick's diffusion law. Such diffusion currents play an important role in electrolyte solutions encountered in electrochemical cells and bioelectric systems (Benedek and Villars 1979) , e.g. lead-acid batteries (Saslow 1996) . Correspondingly, free charge may be present in the bulk of the conducting medium. has examined the case where hypothesis (ii) does not hold, and this is reviewed in section 2 including Redžić's 2001 correction which is recast in non-relativistic physics. The non-zero free-charge density due to the conductor's motion is associated with an electric field whose relationship with Faraday's law of induction is addressed in section 3. Section 4 briefly examines whether or not induced currents flow in the conductor. Section 5 applies the discussion of section 2 to a rotating loop in a uniform B. Finally, section 6 contrasts the behaviour of the conductor with that of a dielectric, which is devoid of free charge. Conclusions are gathered in section 7.
The free-charge density
Consider an inertial reference frame where there is a static magnetic field B (due, for instance, to a fixed magnet). Let v, in that reference frame, be the velocity of a material point of the solid conductor. The velocity field v(r, t) is, at any time t, the superposition of a pure translation field and a pure rotation field:
where v 0 is the instantaneous translation and ω = 1 2 curlv is the instantaneous angular velocity. The conductor's carriers (of charge q) are dragged at velocity v and subjected to a magnetic force qv × B. (Here we neglect v d , the carriers' drift velocity reckoned with respect to the material medium, as will be justified shortly.) In separating the mobile charges from the fixed charges of the lattice, the magnetic force upsets the local electrical neutrality of the medium. According to Gauss's law, this entails an electric field E (defined in the inertial frame) which is determined by the density of free charge ρ and the density of bound charge −divP , where P is the polarization field:
As the medium is taken to be ohmic, the field E acts together with v × B to generate the electric current density
The reason is that the force responsible for the drift of a carrier is no longer qE,but q(E+v×B). Neglecting v d in the magnetic contribution to the Lorentz force is tantamount to using the ordinary conductivity σ instead of the magnetoconductivity tensor in expressing J: this is justified provided that |µ e B| 1, where µ e is the carrier's drift mobility . For conduction electrons in Cu, µ e = −43 cm 2 V −1 s −1 and |µ e | −1 ≈ 200 T is the typical B affecting the drift velocity noticeably.
As for the bound-charge density, the dielectric response of the medium is (Stratton 1941)
The reason is the same as in equation (4): the force distorting the electronic orbitals of the atoms, thus polarizing the medium, is q(E + v × B) instead of qE, where q is the charge of any bound electron. From divJ = 0 at steady state, one infers, if σ and ε are spatially uniform,
This is Lorrain's result as corrected by Redžić (2001) . The physical meaning of equation (6b) is clear (Lorrain et al 2000) . At a point where the electromotive field converges (i.e. div(v×B) < 0), the force q(v × B) exerted on carriers of charge q > 0 makes them converge to this point. Likewise, carriers of charge q < 0 are depleted by the electromotive field. As a result, the charge density ρ is positive. The inter-relationships of v × B, J, ρ and E are depicted in figure 1. Depending on the geometry, J is of a transient or steady-state nature. For example, has worked out the case of a conducting sphere rotating at an angular velocity ω = ωu z parallel to a uniform B (u x , u y and u z are the unit vectors of an orthonormal system). The electromotive field v × B = ωB(xu x + yu y ) is radial and axisymmetric, and generates a current J giving rise to a distribution of bulk free charge ρ = −2ε 0 Bω according to (6b), together with surface free charge ensuring global neutrality. The separation of negative and positive free charge giving rise to an electrostatic field is similar to the build-up of an electric field in the Hall effect (Feynman et al 1965) . In the latter, the electromotive field separating the charges is due to the drift velocity v d of the carriers, while here it is due to the motion v of the conductor. Hence, even if v d = 0, an electrostatic field is built in a moving conductor. In the rotating sphere, E exactly cancels v × B, and J = 0 at steady state. Section 4 of this paper works out another example where J = 0 at steady state.
We show elsewhere ) that the typical time of the non-steady-state regime is the dielectric relaxation time ε/σ of equation (1). A quasi-steady state holds at frequencies σ/ε, which are very large in metals and even in semiconductors (σ/ε ≈ 5 × 10 6 Hz in intrinsic Si at room temperature).
A general prediction of the possible existence of bulk free charge is possible by rewriting equation (6b) as
In a pure translation, ω = 0 entails ρ = ε 0 µ 0 (v ·J ext ), where J ext = (curlB)/µ 0 is the source of B according to Ampère's law in differential form. If that source lies outside the solid, ρ = 0. Since many didactic devices are based on the translation of a conductor in a region free from sources of B, it is justified to disregard ρ, although no proof thereof is adduced and the issue is not even raised. But in a pure rotation in a region free from sources of B, ρ = −2ε 0 B · ω should not be ignored. 
The electric fields and Faraday's law
The field E due to the charge distribution ρ is of electrostatic type in the sense that it is irrotational; its circulation around a closed loop vanishes. However, it is not strictly electrostatic in the sense that its source ρ is time dependent, since ρ moves together with the solid (in the steady-state regime). Of course, the picture of a co-moving field is only valid in the Galilean limit, when the speed of propagation of electric disturbances may be considered infinite compared to |v|. So far, things have been described in the reference frame R attached to the sources of B. Consider another Galilean reference frame R moving at velocity v, where the fields are E and B . In R , the force on a particle of charge q and velocity v 1 is q(E + v 1 × B ). In Newtonian physics, it is identical to the force in R, namely q[E + (v 1 + v) × B], whatever v 1 . Consequently the Galilean field transformation is
An observer attached to the solid 2 sees the mobile charges drifting under the action of a purely electric field E , while the inertial observer sees the charges drifting under the actions of the electromotive field v × B and the field E due to the separation of negative and positive free charges.
Another straightforward consequence of the Galilean law of composition of velocities is
Ohm's local law in R reads J = σ E , while, according to equations (4) and (8)
, J is identical with J up to the first order in v, that is, in the range of validity of the non-relativistic field transformation formulae (8). In the same way, we notice that, owing to the Galilean invariance of P , equation (5) is just the dielectric response in R . Indeed the electrokinetic (J) and dielectric (P ) constitutive relations are expected to hold exactly in the reference frame where the medium is at rest. The local conservation of free charge in R is expressed by
Barring the transient conduction regime of duration ε/σ , ρ is static and its derivative in R vanishes, whence divE = 0, consistent with equation (6b).
In the reference frame R of the conductor, the time-rate of change of a point-dependent vector U (r, t) is the sum of three contributions:
The term (v · grad)U , studied in hydrodynamics, is due to the translation, at the local velocity v relative to R, in the inhomogeneous vector field U . The term −ω × U , studied in kinematics (Hill 1964) , is due to the rotation of U as seen in R which spins with an angular velocity ω relative to R. We shall apply equation (11) to U = B . Vector analysis provides the following identity:
Now divB = 0 from Maxwell's equations and divv = 0 from equation (2). Next, on mathematical grounds,
It follows then from equations (8) and (11) that
The right-hand side vanishes since (∂B/∂t) R = 0 and E is irrotational. Therefore the statement that E is of electrostatic type proves the differential law of induction in R in the Galilean limit. From this differential law and the Green theorem, the circulation of E around a loop attached to the solid is −(dφ /dt), where φ is the magnetic flux through the surface leaning upon the loop; this is Faraday's integral law of induction. In contrast, the circulation of E around the loop vanishes. In actual practice, one is seldom interested in the source ρ of the electric field, but in the field itself, E or E . The latter is usually obtained from the Maxwell equation established here in the case of a static B, and from additional information, such as symmetries. The Maxwell equation curlE + (∂B /∂t) R = 0 has the extra advantage of retaining its validity if B is a time-varying quantity in R. Finally, it is worth restating that the differential form of Faraday's induction law has nothing to do with the constitutive relations of the medium (the dielectric and electrokinetic responses, ε and σ ). In sections 4 and 6 it is shown that J and ρ, in contrast, involve such relations.
Induction currents
Section 2 was concerned with the free-charge density, and we shall now say some words about J. At steady state, one speaks about induced currents if J = 0. Whether such currents flow depends on the geometries of the solid and of the electromotive field. If they prevent the passage of a permanent current, the electric field is given by E = −v × B; this is the case of the rotating sphere in an axisymmetric B discussed by , (2001) and in section 2. In contrast, J = 0 in the Faraday disc and in the rotating loop of section 5. Before treating the latter example, we can generally notice that equation (4) and identity (12) lead to
Figure 2. A circular conducting wire, of radius R, is rotating with an angular velocity ω(t) = dθ/dt around a diameter directed along Oz, in the presence of a uniform, time-independent magnetic field B perpendicular to that diameter. The right-hand-side drawing shows the plane of the wire and bears the notations used in the computations of section 5.
which involves the spatial variation and the relative orientation of the B and v fields. If curlJ = 0, the circulation of J around a loop vanishes as a result of the Green theorem. Now if the conductor is not connected to an external generator, a line of current is a closed loop. The circulation of J on a line of current gives J = 0 : curlJ = 0 entails J = 0. It is easy to check that reasoning in the case of the rotating sphere introduced in section 2. Equation (15) yields curlJ = 0, and it had already been shown that J = 0.
The rotating loop in a static magnetic field
This section applies the foregoing discussion to a classic physical system. Consider a thin conducting circular wire of centre O, of radius R, free to rotate around a diameter with the angular velocity ω = ωu z (u z is the unit vector along the rotation axis). The wire is thin in the sense that its cross section 1 4 π∅ 2 is very much smaller than R 2 . The system is subjected to a time-independent uniform magnetic field B = Bu x perpendicular to the rotation axis. This is depicted in figure 2 . The velocity field at location M is v(M, t) = ω × OM = ωr u θ , and the electromotive field is v × B = −ωrB cos θ u z , where (r , θ , z) are the cylindrical coordinates of M (θ is such that dθ/dt = ω and one may assume θ(t = 0) = 0 for definiteness). Equation (7) yields ρ = 0 as B ⊥ ω. However, the calculation holds only in the bulk of the wire, not at its surface where v × B undergoes a discontinuity from its bulk value to zero outside the wire. In such a case, the divergence of v × B is expected to take infinite values over the surface. To pass from the bulk equation div(−ε 0 (v × B)) = ρ to a surface equation involving the surface free-charge density , one just needs to remember the continuity condition for a field at the interface of two media (Feynman et al 1964) :
where n denotes the local unit normal vector pointing outwards from the wire. The 'electrostatic' field E is created by the surface charges of density , and we proceed to compute that field. Let u ϕ denote the unit vector tangent to the wire, andû = OM /|OM |. Inspection of figure 2 shows that r = R cos ϕ and u ϕ = u z cos ϕ −û sin ϕ. Consequently the free-charge surface density is
At point M specified by θ and ϕ, n ·û varies as cos ψ around the toric surface of the wire, where ψ denotes the local angular cylindrical coordinate reckoned with respect toû (remember that the radius of curvature R is very much greater than the thickness ∅ of the wire, so that the toric wire locally looks like a cylinder). As is known from electrostatics, the electric field E of a cylinder covered with a surface density = 0 cos ψ is equal to − 0û /ε 0 inside the cylinder 3 :
One can see that E exactly cancels the radial component (v × B) ⊥ of v × B = −ω R B cos θ(u ϕ +û sin ϕ). Thus, E + v × B is directed along u ϕ , in agreement with Ohm's law in the reference frame of the wire, E = J/σ . In other words, the field E is due to the piling up of carriers on one side of the wire and the corresponding carrier depletion on the opposite side. This has the effect of directing the total field E along the wire, and similarly for J = σ E . Just as in the Hall effect, the free charges displaced by the electromotive field contribute to building up the electric field responsible for conduction. In the case of the conducting sphere rotating around B and section 2), E fully cancels v × B, thereby stopping the flow of charge at steady state.
Induction in a dielectric
Equation (6b) gives a steady-state free-charge density ρ independent of the conductivity σ of the moving conductor. But if σ vanishes, we are faced with a dielectric where no free charge is available at all. Clearly equation (6b) is then in error. It is therefore insightful to study the response to a static magnetic field of a perfect dielectric, and contrast it with that of a conductor. In the former, equations (3) and (5), together with ρ = 0, lead to
This is at odds with divE = −div(v × B) in a conductor at steady state, unless the dielectric is infinitely polarizable, that is ε/ε 0 1. As a result, contrary to a widespread belief, a dielectric cannot be thought of as a conductor where σ → 0. In a conductor, the free charges build up an electric field such that div(E + v × B) = div(J/σ ) = 0 and divP = 0; the only contribution to divE is from the free charges, and this is why ε does not appear. This picture rests upon the validity of Ohm's local law, in which σ = nqµ e in the single-carrier case, and q, n and µ e are the carrier's charge, density and electrical mobility. However, if the carrier density is very low, it is no longer possible to consider the material as a reservoir of mobile charge, and the concept of the electrical conductivity as a material constant loses its validity. Impressing a field causes a drift current affecting the carrier density and making it inhomogeneous; this entails a diffusion current adding up to the drift current reckoned in Ohm's law. Then, equilibrium no longer implies E = 0, but means that both currents cancel each other. Combining the equilibrium condition with Gauss's law leads to the phenomenon of screening, whereby a departure from local neutrality associated with a long-range (Coulomb) field is cancelled by the mobile charges of the medium (Chazalviel 1999 . The distinction between a conductor and a dielectric is that the former has a screening length much shorter than its typical dimensions. The expression for that length is
assuming non-degenerate carrier statistics at temperature T (k is the Boltzmann constant), or
assuming degenerate nearly-free electrons characterized by an effective mass m * different from the free-electron mass m 0 , and a 0 denotes the Bohr radius. In the latter case, the screening length is close to the geometric mean of a 0 and the average inter-electron distance n −1/3 ; thus λ T F usually lies in the atomic range. Equation (20a) is appropriate to a semiconductor and yields λ D ≈ 10 −4 m in intrinsic Si at room temperature, where n ≈ 10 10 cm −3 . In an insulator such as SiO 2 , the carrier density is about ten orders of magnitude less, and the screening length exceeds 1 m.
For definiteness, consider again the rotating circular wire of figure 2. If it is made of a perfect dielectric, the electromotive field gives rise to bound charge on the surface of the wire. That charge is not overwhelmed by free charge as happens in an ohmic conductor. It causes an electric field of electrostatic type (that is, co-moving with the wire) that may be computed in the same way as in section 5:
Thus, E opposes (v × B) ⊥ without cancelling it unless ε/ε 0 1. In the reference frame attached to the wire, the electric field E = E + v × B differs from E in the conducting wire obtained in section 5. Both, however, obey the differential law of induction, as they only differ in their electrostatic (that is, irrotational) contribution.
Conclusions
The paper has addressed the issue of a solid homogeneous electric conductor moving in a static magnetic field. The conclusion reached by and Redžić (2001) that the conductor is the seat of a non-zero free charge ρ given by equation (6b) has been rederived in the frame of non-relativistic physics. Generally speaking, that charge is expected to be present if the body exhibits rotation. The free charge may or may not be accompanied by a steady-state electric current density J (the so-called induced current). The rotating loop and the rotating sphere, respectively, exemplify the two possible behaviours.
The free charge ρ gives rise to an electrostatic field E co-moving with the solid; that picture holds in the Galilean limit. In the reference frame attached to the solid, there is a total electric field E obeying the differential law of induction, whose integral counterpart is Faraday's law. The law has been proved here in the case of a static B and in the non-relativistic limit, but it is also true if B varies in time and in the relativistic case.
Finally, in order to clarify the limit of a vanishing conductivity, we have examined the case of a perfect dielectric where E = 0 while ρ = 0. It turns out that a poor conductor generally cannot be considered to be ohmic. Lorrain A recent analysis of electrostatic charges in v×B fields presented by contains a starting assumption which perhaps deserves a short comment. According to Bringuier, one need not invoke special relativity when discussing a first-order theory of conducting nonmagnetic media that move in magnetic fields. The statement is, of course, perfectly sound as regards the polarization in a moving non-magnetic medium which is given by P = ε 0 (ε r − 1)(E + v × B).
It seems, however, that without special relativity one would hardly recall that the constitutive equation for the magnetization in the moving medium is
in the first-order theory (Rosser 1964 , and that, consequently, the corresponding Maxwell equation for the curl of B is
where J = v + J c is the total, convection plus conduction, current density. True, for a rigid isolated axisymmetric conductor that rotates uniformly in a net magnetic field (applied plus that induced by convection currents) that is symmetrical about the axis of rotation, the magnetization M vanishes since E + v × B vanishes. This follows from Ohm's law in differential form, J c = σ (E + v × B), and from the fact that the conduction current vanishes under steady-state conditions, as and have pointed out. (Note that the vanishing of E + v × B is obtained in the framework of the corresponding relativistic theory by neglecting the inertia of the conduction electrons (compare Grøn and Vøyenly (1982) and ).) However, if the rotating conductor is not isolated, i.e. if flow of current is possible into or out of it, the magnetization in the conductor does not vanish and is given by
In the model discussed by of the Faraday disc connected to a stationary circuit through sliding contacts, the curl of M vanishes. Nevertheless, in the view of the present author, in the general case the magnetization in moving non-magnetic conductors should not be ignored when considering electrostatic charges in v × B fields. The neglect of special relativity leads to a wrong solution (wrong if special relativity is correct) to a simple electrodynamical problem even in the zero-velocity limit, in conflict with intuition, as discussed elsewhere (Bartocci and Mamone Capria 1991a , 1991b , Rosser 1993 , Redžić 1993 ). In addition, nowadays it seems to be conclusively demonstrated that special relativity is indispensable in the analysis of magnetic dielectrics that move at low velocities in magnetic fields (cf a recent version using a modern magnetic material (Hertzberg et al 2001) of the Wilson-Wilson experiment).
Another point in Bringuier's paper (2003) is perhaps worth noting. The author discussed, inter alia, the case of a thin circular non-magnetic conducting loop of wire of uniform circular cross-section, rotating around a diameter in a static uniform magnetic field perpendicular to that diameter. Unfortunately, his analysis of fields and charges in the classic physical system is presumably wrong for the following reasons.
First, Bringuier argues that the bulk equation div (−ε 0 (v × B)) = , where is the density of free charge, implies what he calls the continuity condition given by his equation (16). However, that argument contains a pitfall: the bulk equation, while mathematically correct, has no physical meaning outside the wire. The correct boundary condition involving the surface free-charge density is that required by divD = . (Compare Sommerfeld's solution (1952) to the problem of a long conducting bar moving along its axis in a uniform static magnetic field perpendicular to the axis.)
Second, there is an omission in Bringuier's expression for the uniform transverse field in an infinite cylinder due to a surface charge distribution over the cylinder; a factor of two is missing. After this omission is corrected, it is clear that his conclusion that '. . . E exactly cancels the radial component. . . of v × B' is wrong.
Third, but most important, in the configuration that was analysed by the author (the ring is rotating around a diameter, in a uniform static magnetic field perpendicular to that diameter), even a uniformly rotating ring does not give rise to a stationary situation. Recall that steady-state situations discussed by Lorrain ( , 2001 and Redžić (2001 are possible when an axisymmetric and rotationally invariant conductor rotates uniformly in an axisymmetric timeindependent magnetic field; the rotation axis and the field and the conductor symmetry axes should coincide, of course. (Obviously, a steady-state situation with a rotating toric wire would be possible only if the wire rotated uniformly around the axis of symmetry perpendicular to the equatorial plane of the wire (Sommerfeld 1952) .) Clearly, the thin toric wire rotating around a diameter, discussed by Bringuier, is not a rotationally invariant system. In addition, the wire is the seat and the carrier of time-varying conduction and convection currents. The currents give rise to time-varying induced electric and magnetic fields, and the curl of the electric field is given by the differential form of Faraday's induction law. As can be seen, neglecting the induced electric and magnetic fields, as the author did, we neglect the self-inductance of the wire, a rather rough approximation. Moreover, a more detailed analysis reveals that Bringuier's equation (7) does not apply to the rotating ring discussed in his section 5.
When an electric conductor immersed in a static magnetic field B is set into motion, an electric field is induced in the conductor. Lorrain remarked that, concomitantly, a free-charge density ρ is induced , Lorrain et al 1998 . Depending on the geometries of the magnetic field and the conductor, ρ may or may not be accompanied by an electric current density J, the so-called induced current. I gave a non-relativistic account of the phenomenon , wherein the electric field E in the reference frame of the solid conductor is the sum of the electromotive field v × B (v is the conductor's velocity field) and of the 'electrostatic' field E created by the induced charge ρ (quotation marks are used because ρ and E are co-moving with the solid, rather than static). Lorrain worked out, inter alia, the example of a conducting sphere rotating around a diameter parallel to a uniform B, and found that E cancels v × B, making E and J = σ E vanish (σ is the electrical conductivity). I worked the example of a circular conducting loop of thin wire, rotating around a diameter perpendicular to a uniform B. I found that E cancels the radial component (v × B) ⊥ of v × B, so that E is directed along the wire, just like J.
In his comment, Redžić (2004) notes that, in the latter example, my calculation of E from the surface charge density of the wire is missing a factor of two. I agree with him. He also criticizes my calculation of from v × B, as the field v × B in vacuum is undefined, rather than vanishing. To prove my conclusion that E ⊥ cancels (v × B) ⊥ is true, I will use a different line of reasoning. Firstly, the responses E and J have the same symmetries as the excitation v × B = −ω(B · r), where ω is the angular velocity and r the position relative to the loop's centre. Symmetry with respect to the loop's plane entails that E ⊥ and J ⊥ are directed along r. Secondly, we are dealing with a steady-state situation where div J = 0. Since J = 0 in vacuum outside the wire, the bulk equation div J = 0 entails the surface equation J ⊥ = 0 (no current crosses the surface of the wire). As the material is taken to be ohmic,
shows that the 'electrostatic' field cancels the radial component of the electromotive field. QED. As for the surface density of the 'electrostatic' charges, it is obtained from the surface equation derived from the bulk one ρ = ε 0 div E, given that polarization (bound) charges play no role as div P = (ε − ε 0 ) div(J/σ ) = 0 in an ohmic medium at steady state:
where n is the local unit vector pointing outwards from the wire. Thus, although setting v × B equal to zero in vacuum was somewhat open to criticism, my former equation (16) happens to be true. The actual flaw in my earlier calculation stems from the fact that, while the toric wire may be considered as locally cylindrical in the limit R (R is the loop's radius and the wire's diameter), varies with position and distant surface charges make a significant contribution to E. The uniform-result is not applicable 1 . Here are replies to other remarks raised in the Comment.
(i) B does not have the same physical meaning in equations (1) and (3) in the Comment. In the former, B is an external field imposed on the moving medium and giving rise to the electromotive field v × B. In the latter, B is created by the conduction-plus-convection current of free charges in the medium and by the current of bound charges curl M . The quantities denoted by B in (1) and (3) = 10 −3 m and ω/2π = 100 Hz, we get |φ i /φ | ≈ 3 × 10 −2 . It is seen that self-induction matters at high frequencies for which the conductor's skin depth approaches . (iii) Redžić asserts that 'even a uniformly rotating ring does not give rise to a stationary situation'. Yet electromechanical generators and motors attest to the contrary. Theoretically speaking, the time needed to reach the electrical stationary state is the dielectric relaxation time ε/σ , regardless of the problem's symmetries. That time is very short, even in poor conductors (Bringuier , 2004 . Unless inordinately high frequencies are considered, most practical situations involve quasi-stationary states where ∂ρ/∂t is negligible but ρ is not. (iv) The equation of motion of a conduction electron inside the conductor used by is a relativistic generalization of Newton's second law in vacuum. It is incorrect for two reasons. Firstly, between two collisions a conduction electron does not travel with its free mass, but has an energy-pseudomomentum dispersion relation which only in simple cases (not in Cu) is isotropic and parabolic and replaceable by the notion of an effective mass m * . Secondly, the collisions with the medium bring about an exchange of pseudomomentum which is often pictured as a friction force. Collisions are responsible for Ohm's law which follows from the equation of motion v d = µF instead of dv 1 /dt = F /m * (v d is the drift velocity, i.e. the instantaneous velocity v 1 averaged over several collision times, µ the mechanical mobility, and F the applied force; both equations of motion are written in the reference frame of the conductor). The former equation entails a constant v d under constant F , while the latter entails a uniformly accelerating v 1 . In a solid or a not-too-rarefied gas, the pertinent equation including the effect of the collisions is the former one, not the latter as used by Redžić. Nowhere in my treatment of induction is special relativity invoked, so that discrepancies of second order in v are possible. One has been mentioned in my previous paper, namely the convection current ρv. Equation (4) of Redžić's Comment is another one, as µ 0 M is easily shown to be of the order of (v/c) 2 B owing to |E| ≈ |v × B|. Clearly my treatment is not intended to deal with such relativistic corrections.
